In this study, the effects of low-temperature long-time (LTLT) processing on the quality of Patinopecten yessoensis adductor muscle (PYAM) were investigated at 55°C. The texture of processed PYAM was characterized by textural profile analysis (TPA), and significant increases of cook loss, hardness, and shear force with time during LTLT processing were observed. The degradation of structural proteins was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and fragments with molecular weights of 208 kDa (myosin heavy chain, MHC), 97 kDa (paramyosin) and 35-40 kDa, respectively, were among the main products. Chemical characterization revealed elevated levels of activity in cathepsin L and caspase-3 and oxidation of proteins and lipids. Electron spin resonance spin trapping indicated reactive oxygen species (ROS) production in the PYAM during LTLT processing. Based on these results, it is proposed that the sequence of events in PYAM during LTLT processing includes ROS→ endogenous enzyme (involving caspase-3 and cathepsin L) activation →protein degradation→quality changes (texture and color). This revelation helps to further our understanding of the LTLT processing of PYAM, which would lead to better quality control for PYAM products.
Introduction
Scallop Patinopecten yessoensis (P. yessoensis) is one of the most important scallop species in coastal fisheries. The total scallop output of 2015 reached more than 1.78 million tons in China. [1] On a weight basis, scallops are composed of shell (52%), adductor muscle (13%), mantle lobe (9%), and gonad (ovary and testis, 3-9%). [2] The main edible part of P. yessoensis is the adductor muscle, which has high nutritional value and is traditionally regarded as a delicacy. [3] High-temperature processing of P. yessoensis adductor muscle (PYAM) often yield products with high hardness, dark yellow color, and tough texture that are viewed negatively by consumers. As an alternative, lowtemperature (LT) processing may be utilized to process PYAM. LT processing has been developed to improve the eating quality of beef and pork, such as consistency, texture, and color of the meats. [4] It is reasonable to believe that LT processing may improve the quality of PYAM products as well. However, before LT can be established as a legitimate method for PYAM processing, its mechanism of affecting PYAM needs to be further clarified.
It has been reported that heat treatments may cause changes in hardness, taste, flavor, and nutritional value in animal foods. [5] Previous studies found that endogenous enzymes could influence the oxidation of meat proteins and lipids; subsequently, they could greatly affect the hardness, the taste, and the flavor as well as the nutritional value of the meat. [6] Endogenous enzymes of the cathepsin family and the caspase family have become a focus of research in recent years. [7] Cathepsin L and S were shown to affect meat tenderness and elasticity in Italian white pig [8] ; Activation of caspase-3 was correlated to the degradation of chicken myofibrillar proteins and myofibrillar structure. [9] Ultrasonic induced caspase-3 expression was suggested to promote myofibrillar degradation in slaughtered and cooked chicken. [10] Furthermore, effects of lipid oxide and protein oxide on meat quality have been reported in beef, [11] pork, [12] [13] [14] and fish. [4, 15] Oxidative stresses are resulted from the accumulation of reactive oxygen species (ROS). [16] ROS in turn, through the modification of cytoskeleton protein peptide and amino acid side chains to change protein cross-linking or degradation, determines the meat texture, flavor, and color characteristics [17, 18] . ROS directly induced by cations, or indirectly induced through oxidative stresses, could lead to protein oxidation. [19] We believe that ROS plays a significant role in regulating endogenous enzymes and determining the meat quality such as texture and tenderness during the low-temperature long-time (LTLT) processing of PYAM. Therefore, the objective of this study was to characterize the ROS production, the activation of downstream caspase-3 and cathepsin L, and the formation of oxidants in PYAM during the LTLT processing.
Materials and methods

Materials and chemicals
P. yessoensis were purchased from a local aquatic market in Dalian, Liaoning province (China). Malondialdehyde (MDA) assay kit and total sulfhydryl assay kit were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All other chemicals were obtained from Sangon Biotech Co., Ltd. (Shanghai, China) or Sigma-Aldrich Chemical Co. (St Louis, Mo, USA). All of them were at least analytical grade and used without further purification.
LTLT processing and cook loss evaluation PYAM cubes (about 1.5 cm × 1.5 cm × 1.5 cm) were dissected on ice from P. yessoensis. The samples were vacuum packed and heated in water baths (i.e., LTLT processing) at 55°C for 1/6, 1/2, 1, 2, 4, 6, 12, 18, 24, 27, 30, and 32 h, respectively. All cooked PYAM cubes as well as raw ones as controls were quickly frozen and stored at −80°C, until to be used for biochemical measurements outlined below. The LTLT process was arrested by soaking the cooked samples in icy water for 10 min. [20] Cook loss was determined by calculating the weight lost during the LTLT process [21] and expressed as a percentage of the initial weight.
Instrumental textural analysis
After the LTLT processing, the PYAM cubes were trimmed into cylindrical shape with a height of 13.0 mm and a diameter of 12.7 mm and assayed by a TA-XT2i texture analyzer (Stable Micro Systems, Surrey, UK). P/100 probe was used to perform textural profile analysis (TPA), and the main parameter investigated was hardness. Each sample was subjected to two cycles of compression analysis with a compression speed of 1.0 mm/s and a compression level of 60%, with 5 s relaxation time between the cycles. Shear force was defined as mean maximum force required to shear through the samples, and was determined using Extended Craft Knife Blade (ECB) probe, with a test speed of 1 mm/s. Mean values from 10 repetitions were obtained for each LTLT treatment.
Color analysis
Color (L*, a*, and b* values) for each PYAM sample was measured 10 times on the fresh cut surface of each sample with a UltraScan PRO colorimeter (Hunter Lab, USA). Mean values from 10 repetitions were calculated for each LTLT treatment.
SDS-PAGE gel electrophoresis
Samples were lysed on ice in a lysis buffer (20 mM Tris-HCl (pH 7.4), 1% Triton X-100, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid ethylene glycol tetraacetic acid (EDTA), 2 mM EGTA, 1 mM Na 3 VO 4 , 10 mM NaF,10 mM DTT, 0.1% SDS, 10 μg/mL leupeptin, 10 μg/mL aprotinin, 1 mM phenylmethylsulfonyl fluorid (PMSF)) at 4°C by 1:3 (w/v). Lysates were centrifuged at 12,000 × g for 15 min, at 4°C and supernatants were collected and mixed with SDS-PAGE sample buffer (0.25 M Tris-HCl, pH 7.4, 5% SDS, 5% mercaptoethanol, 8 M urea) by 1:1 (v/v) and then boiled for 5 min. 5 μL samples were loaded onto the polyacrylamide gel made of 10% resolving gel and 5% polyacrylamide stacking gel.
Cathepsin L activity assay
Cathepsin L activity was measured following reported fluorescence method. [22] Protein concentrations of sample supernatants used in the activity assays were determined using a Bradford assay. [23] Results were expressed in U/mg protein where 1 unit (U) was defined as the increased one fluorescence value of sample compared to blank during the reaction at 37°C.
Caspase-3 activity assay
Caspase-3 activity was determined by colorimetric method. [22, 24] Results were expressed in U/mg protein where 1 unit (U) was defined as the absorbance value increased by 1 under the reaction.
Protein oxidation assay
Protein carbonyl groups and sulfhydryl were measured to evaluate the protein oxidation level. Carbonyl groups were estimated based on the 2,4-dinitrophenylhydrazine (DNPH) colorimetric method [25] with slight modification. Five PYAM samples (about 0.9 g in total mass) were homogenized in 4.5 mL Tris buffer (pH 7.4, 50 mM) containing 0.01% butylated hydroxy toluene (BHT) and 50 mM, 1 mM EDTA. After centrifugation (12,000 × g, 10 min), the supernatant was incubated with 500 µL DNPH dissolved in 2.5 M HCl, in the dark for 1 h. For each sample, a blank incubated in 400 µL 2.5 M HCl and without DNPH was run in parallel. The samples were precipitated with 20% trichloroacetic acid (TCA) (v/v) and the pellets were washed three times with 300 µL ethanol/ ethyl acetate 1:1 (v/v). The pellet was redissolved in 2 mL 6 M guanidine hydrochloride at 37°C for 15 min [11] . The carbonyl content was calculated using the absorbance measurements at 370 nm and expressed as nmol DNPH/mg protein.
Total sulfhydryl content was determined by using commercially available kits. The PYAM was homogenized in 0.9% NaCl solution at 4°C by 1:9 (w/v). The homogenates were centrifuged at 4000 rpm for 20 min at 4°C. The supernatants were collected and frozen at −30°C. All procedures completely complied with the manufacture's instructions. Sulfhydryl was measured at a wavelength of 405 nm by reacting samples with 5,5ˊ-Dithiobis-(2-nitrobenzoic acid) DTNB to produce a yellow compound. Values of sulfhydryl level were expressed as nmol sulfhydryl/mg protein.
Lipid oxidation assay
The content of MDA was determined by using commercially available kits. Samples were homogenized in ice cold phosphate buffer (10 mM sodium phosphate at pH 7.0, 2% SDS, 0.01% BHT) at 4°C by 3:20 (w/v). The homogenates were centrifuged at 12,000 × g for 10 min at 4°C. The supernatants were collected and frozen at −30°C. MDA content was measured at a wavelength of 532 nm by reacting samples with thiobarbituric acid to form a stable chromophoric product. [26] Values were expressed as nmol MDA/mg protein extracted.
Electron spin resonance spectroscopy
A modified version of an electron spin resonance (ESR)-based assay [27] was used for evaluation of the ROS production in the PYAM. Fresh PYAM was homogenized with 50 mM phosphate buffer (pH 5.7) containing of 40 mM water-soluble spin trap α-(4-pyridyl n-oxide)-n-tert-butylnitrone (POBN, TCI). The emulsion with POBN was then treated at 55°C and at selected times, and then the samples were centrifuged at 12,000 × g for 10 min at 4°C. The supernatants were transferred immediately into capillaries, and the capillaries were placed in the cavity of an ESR spectrometer A200 (Bruker, Karisruhe, Germany). ESR conditions were as follows: sweep width 50 Gauss, microwave power of 1.99 mW, modulation amplitude 1.0 Gauss, modulation frequency 100 kHz, time constant 5242.88 ms, conversion time 360 ms, and number of scans per sample was three. The trapping of ROS in samples by POBN gave rise to adduct with six-line ESR spectra (triplets of doublets). The signal height of the first line of the center field doublet was used as a measure of the relative concentration of ROS adducts formed in samples at a given time.
Statistical analysis
Statistical calculations were subjected to the statistical package SPSS 16.0 (SPSS Inc., 2001, Chicago, IL,USA) for One-way ANOVAs and p values <0.05 were considered significant.
Results
Changes in PYAM quality attributes during LTLT processing
In order to determine the effects of LTLT processing on the quality of PYAM, four attributes (i.e., cook loss, hardness, shearing force, and color) were investigated. Cook loss (Fig. 1A) of the PYMA increased with processing time from 6 to 32 h and reached a peak value of 33.29 ± 8.37% at 32 h, similar to the cook loss value of PYAM being boiled at 98°C for 14.5 h. [28] Noticeably, no significant change was observed in cook loss between 6 and 27 h. The effect of LTLT treatment on hardness in the PYAM is shown in Fig. 1B . The hardness value significantly increased from 2 to 18 h and reached the maximum value of 1670.19 ± 181.48 g at 18 h, more than two-fold than that of the raw sample, and then decreased from 18 to 32 h.
Similarly, the shear force went up to the maximum value of 1423.29 ± 78.88 g after 18 h of processing time, with >100% increase over that of the raw sample, and almost stayed stable from 18 to 32 h (Fig. 1C) . Figure 1D , E, and F showed the effects of LTLT treatment on color in PYAM. L* values (lightness) were not affected by increasing cooking time, but a* values (redness) and b* (yellowness) were affected nonetheless. The a* values of the processed PYMA decreased over 15% from that of the raw sample, while the b* values decreased with cooking time and dropped down to the minimum value of −6.28 ± 3.53 from 4.95 ± 1.91. These results indicated that the qualities of PYMA were affected by the LTLT processing, to various extents. 
Changes of protein degradation and cathepsin L and caspase-3 activities during LTLT processing
Because thermal treatment could lead to protein degradation, SDS-PAGE was conducted to detect the changes in protein content/composition in PYAM during LTLT processing. The results are shown in Fig. 2A . The protein compositional pattern of the raw sample was in partial agreement with Goetz and Whisman, [29] with higher protein content being observed. With extended LTLT treatments, extensive degradation in the PYAM proteins was observed, evidenced by the gradual reduction in densities of protein bands with molecular weights of 208 kDa (myosin heavy chain, MHC), 97 kDa (paramyosin), and 35-40 kDa, respectively, especially from 18 to 32 h. However, no significant difference in actin bands (43 kDa) was observed with/without LTLT. It has been reported that cathepsins play key roles in the proteolysis of marine organisms like salmon [30] and sea cucumber. [31] In the PYAM, the cathepsin L activity increased rapidly during LTLT from 6 to 24 h, and leveled off from 24 to 32 h (Fig. 2B) . The increase of cathepsin L activity was more than threefold in treated samples. It is likely that cathepsin L is released from the lysosome and then activated when the PYAM was subjected to LTLT processing.
As activated caspase-3 is related to protein degradation, [9] the activity of caspase-3 was also determined in this study. As shown in Fig. 2C , the caspase-3 activity increased significantly with the increasing processing time and reached the maximum value of 8.33 ± 0.88 U/mg protein after 30 h. The increasing caspase-3 activity suggests elevated apoptosis level in the PYAM during LTLT processing, because the activation of caspase-3 is a critical indicator of apoptosis. Caspase-3 could also be involved in protein degradation of PYAM during the LTLT processing.
Oxidant production during LTLT processing
In order to further explore the underline mechanism for the change of the quality in the PYAM, the oxides and the peroxides produced during LTLT processing were determined. The level of protein oxidation was quantified by measuring the contents of carbonyl and sulfhydryl. As shown in Fig. 3A , the carbonyl content in the PYAM increased significantly from 0.28 ± 0.18 to 2.15 ± 0.68 nmol/mg protein, while the sulfhydryl content decreased by 29.60% after LTLT treatment for 27 h (Fig. 3B) . Besides protein oxidation, lipid peroxidation was also monitored. The level of lipid oxidation was quantified by MDA. As shown in Fig. 3C , no significant difference of the MDA content was observed before 12 h. However, the MDA content increased significantly (over onefold) after 27 h, compared to that of the unheated raw samples.
ROS formation during LTLT processing
The ROS content of the PYAM during LTLT processing was evaluated by ESR spin trapping. As shown in Fig. 4A , the ESR spectra of the observed spin adducts had hyperfine coupling constants (a N = 15.8G, a H = 2.6G), which are typical values for spin adducts formed by addition of carbon-centered radicals to POBN. [32] It indicated that ROS centered by carbon were produced in the processed PYAM. The ROS level improved lightly before 6 h and went up significantly after 12 h. The spin adducts reached the highest value of 1.9 × 10 6 at 32 h. Apparently, the ROS production started slowly and accelerated after extended heating. Presumably, the antioxidant enzymes in PYAM resists the ROS production in the initial stage (before 6 h), but their effect is not strong enough to clear out all the ROS. Furthermore, their activities decline as the accumulation of ROS goes up. Figure 5 shows a proposed signal pathway during the LTLT processing of PYAM at 55°C to illustrate cellular events. In summary, ROS are produced to induce protein oxidation and lipid peroxidation, which subsequently activate the downstream proteolytic enzymes such as cathpesin L and caspase-3. The proteolytic enzymes accelerate protein degradation, which in turn leads to the changes in qualities reflected in cook loss, texture, and color of the PYAM.
Scheme of signal cascade during LTLT cooking in the PYAM
Discussion
The sous-vide cooking technique has been applied to varieties of meat products, like beef, [33, 34] pork, [35] lamb, [36] and chicken. [37] Based on these studies, the temperature and holding time are critical to the products quality and shelf-life. In our research, 55°C was chosen since it provided moderate heating, yet enough for pathogen destruction. [38] The current study revealed biochemical events that underline the factors that affect the quality of processed PYAM during LTLT processing, which include ROS formation, protein oxidation, lipid peroxidation, endogenous enzyme (caspase-3, cathepsin L) activation, and protein degradation. The cook loss gradually increased with heating time (Fig. 1A) , which was consistent with the increasing cook loss of skeletal muscle in pork [39] and beef [33] by LTLT processing. Meanwhile, Mortensen et al. [40] reported that juiciness of beef could be classified into different groups by trained panelists when the beef encountered sous-vide cooking at 56, 58, and 60°C for 3, 6, 9, and 12 h, respectively. They also reported similar trends in tenderness evaluation. In this study, hardness and shear force of the PYAM were observed to increase constantly with heating time until 18 h (Fig. 1B,C) . A similar phenomenon that hardness increased at early stage and decreased with storage time extension was observed in instant scallop during storage at 20-40°C. [20] Changes in meat juiciness and tenderness during cooking are attributed to heat-induced denaturation and shrinkage of myofibrillar proteins and collagen. [41] It was reported that water loss mostly comes from water being expelled by protein denaturation and contraction. [42] Zhu et al. [21] has also reported shear force of the edible abalone meat increased rapidly from 50 to 70°C, but dropped gradually with further increase of temperature, which correlated to the degradation of MHC and paramyosin. Our study confirmed that MHC and paramyosin in PYAM were almost completely degraded after 18 h LTLT processing ( Fig. 2A) . It is believed that both textural changes and color changes in LTLT-processed PYAM are related to the denaturation of myoglobin, [27] which is confirmed by our current study. Endogenous proteinase systems such as cathepsin, caspase, and calpain play significant roles in determining meat quality, [43, 44] through their regulation of proteolysis of myofibrillar and cytoskeletal proteins. Cathepsin L is an endopeptidase located inside the lysosomes of the living muscle cell, and when active they catalyze hydrolysis of internal peptide bonds in meatproteins.- [45] It could be released into cytosol and has been detected in the cooking liquor. [46] Caspase-3 plays a central role in signal transduction and final execution in the apoptotic process. [47] Previous researches have revealed that caspase-3 is capable of degrading a number of proteins in muscle. [9, 48] In the current study, it is shown that the activities of cathepsin L and caspase-3 were increased by increasing heating time, and the higher level of activity could be sustained after 24 h (Fig. 2B,C) , which may lead to the complete degradation of MHC and paramyosins, as shown in Fig. 2A . In regard to the relationship of cathepsin L and caspase-3, several reports have shown that cathepsins might be downstream or upstream of the activation of caspases. [49, 50] It was confirmed in this study that cathepsin L and caspase-3 were all activated together in PYAM during LTLT processing; however, further study is stilled needed to reveal the exact sequence of events that lead to their functionalities.
Another change that occurs during heating process is the oxidation of proteins and lipids. Protein oxidation level could be determined by formation of carbonyl and loss of sulfhydryl. Traore et al. [12] observed a significant increasing in carbonyl content from pork longissimus thoracis muscle after heating. Santélhoutellier et al. [51] also found a threefold increase in carbonyl content from bovine myofibrillar proteins after cooking (100°C, 45 min). Consistent with these early reports, an increase of nearly sevenfold in carbonyl level was detected in PYAM after 27 h heating (Fig. 3A) . It indicated that massive amount of amino acid residues like arginine, proline, and lysine in PYAM are converted to carbonyl derivatives like α-aminoadipic acids (AAS) and γ-glutamic senialdehydes (GGS). [52] In addition, almost 30% sulfhydryl loss was detected in PYAM after 27 h (Fig. 3B) . Similar phenomena were observed in threadfin bream (Nemipterus bleekeri) actomyosin. [53] Furthermore, it was also found that the reactive sulfhydryl of tilapia actomyosin would decline, by being oxidized to disulfides in inter-and intramolecules. Both protein oxidation and lipid peroxidation are believed to be via a free radical chain reaction. [55, 56] The abstraction of a hydrogen atom by an ROS leads to the generation of a carbon-centered radical. As shown in Fig. 4A , the typical ESR spectra of carbon-centered radical strapping by POBN were detected, which indicated the formation of ROS. The ROS signal was measured after 1 h and rapidly enhanced from 6 to 32 h. Similar results were reported on processed pork, [57] thermal treated beef, and chicken. [58] Moreover, free radicals formation and carybonyl groups increases were detected on salted herrings during ripening, [27] which was consistent with our results. It was also reported that the generation mechanism of specific carbonyl derivatives like AAS and GSS was initiated by ROS and transition metal ions. [6] These results confirmed that ROS-initiated oxidation in PYAM was induced by LTLT treatment. In addition, there are numerous evidences suggesting that oxidation leads to the activation of endogenous proteinase such as cathepsin L or caspaese-3 by different signaling pathways, like mitogen-activated protein kinases pathway [24] or the tumor necrosis factor receptor pathway. [49] Presumably, ROS-initiated oxidation as the upstream signal might induce endogenous proteinase activation and protein degradation and ultimately might lead to quality changes of PYAM during LTLT processing at 55°C (Fig. 5) .
Conclusion
In conclusion, we conclude that LTLT processing induced ROS production, protein and lipid oxidation as well as cathepsin L and caspase-3 activation, and the degradation of structural proteins, which eventually leads to changes in PYAM quality. However it needs to be further investigated how ROS and the downstream signals are involved in determining the texture of PYAM during LTLT treatment, by applying special antioxidants to block certain pathways to identify the roles of ROS components.
